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@ A method of controlling the amount of impurity 
incorporation in a crystal grown by a chemical vapor 
deposition process. Conducted in a growth chamber, 
the method includes the controlling of the concentra- 
tion of the crystal growing components in the growth 
chamber to affect the demand of particular growth 
sites within the growing crystal thereby controlling 
impurity incorporation into the growth sites. 
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The invention relates to the controlled growth 
of high-quality senniconductor device crystal films, 
and more particularly, to a method and system for 
producing high-quality silicon carbide semiconduc- 
tors which are highly reproducible. 

Incorporation By Reference 

United States Patent Application entitled "Pro- 
cess For The Controlled Growth Of Single-Crystal 
Films Of Silicon Carbide Polytypes On Silicon Car- 
bide Wafer" identified by attorney docket number 
LEW-1 5.222-1 and United States Patent Application 
entitled "Process For The Homoepitaxial Growth Of 
Single-Crystal Silicon Carbide Films On Silicon 
Carbide Wafers" identified by attorney docket 
number LEW-1 5,223-1 which both illustrate the 
pretreatment of a silicon carbide substrate are in- 
corporated herein by reference. 

Background of the Invention 

The invention is particularly applicable to pro- 
duction of silicon carbide crystals (herein used to 
include crystal films) and it will be discussed with 
particular reference thereto: however, the invention 
has much broader applications and can be used for 
other crystals grown by the chemical vapor deposi- 
tion process. 

Semiconductor devices are used in a wide 
variety of electronic applications. Semiconductor 
devices include diodes, transistors, integrated cir- 
cuits, light-emitting diodes and charge-coupled de- 
vices. Various semiconductor devices using silicon 
or compound semiconductors such as gallium ar- 
senic (GaAs) and gallium phosphide (GaP) are 
commonly used. In order to fabricate semiconduc- 
tor devices, it is necessary to be able to grow high- 
quality, low-defect-density single-crystal films with 
controlled impurity incorporation (with respect to 
both net concentration and concentration profile) 
while possessing good surface morphology. In re- 
cent years, there has been an increasing interest in 
research of the silicon carbide semiconductors for 
use in high temperature, high powered and/or high 
radiation operating conditions under which silicon 
and conventional 111 - V semiconductors cannot 
adequately function. 

Silicon carbide has been classified as a com- 
pound semiconductor with potentially superior 
semiconductor properties for use in applications 
involving high temperature, high power, high radi- 
ation and/or high frequency. Silicon carbide has a 
number of characteristics that make it highly ad- 
vantageous for various uses. Such advantages in- 
clude a wide energy gap of approximately 2.2 to 
3.3 electron volts, a high thermal conductivity, a 
low dielectric constant, a high saturated electron 
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drift velocity, a high breakdown electric field, a low 
minority carrier lifetime, and a high disassociation 
temperature. Furthermore, silicon carbide is ther- 
mally, chemically and mechanically stable and has 

5 a great resistance to radiation damage. In addition, 
a variety of optical devices, such as light-emitting 
diodes (LEDs) can be fabricated from silicon car- 
bide and operated at temperatures exceeding 
600 • C. Despite these many advantages and capa- 

10 bilities of silicon carbide semiconductor devices, 
large scale commercialization of silicon carbide de- 
vices has been slow because of the lack of control 
over the crystal quality, growth reproducibility, and 
controlled dopant incorporation into the silicon car- 
ts bide crystals. 

Several properties of SIC contribute to this lack 
of control. First, it does not melt at reasonable 
pressures and it sublimes at temperatures above 
1800*C. Second, it grows in many different crystal 

20 Structures, called polytypes. Third, post-growth 
doping attempts (i.e. diffusion into the crystal from 
a gas phase species as is used in the silicon 
industry) are not effective in SIC crystals. Other 
known post-growth doping techniques (i.e. ion im- 

25 plantation) typically result in considerable crystal 
damage. Attempts to remove this crystal damage, 
and therefore improve device performance by post- 
annealing, commonly result in severe dopant pro- 
file redistribution. 

30 Since molten-SiC growth techniques cannot be 

applied to SiC, two techniques have been devel- 
oped to grow silicon carbide crystals. The first 
technique is known as chemical vapor deposition 
(CVD) in which reacting gases are introduced Into a 

35 crystal chamber to form silicon carbide crystals 
upon an appropriate heated substrate. A second 
technique for growing bulk silicon carbide crystals 
is generally referred to as the sublimation tech- 
nique or Leiy process. In the sublimation tech- 

40 nique, some type of solid silicon carbide material 
other than the desired single crystal in a particular 
polytype is used as a starting material and heated 
until the solid silicon carbide sublimes. The vapor- 
ized material is then condensed to produce the 

45 desired crystals. Although a large number of cry- 
stals can be obtained by either the sublimation 
method or the epitaxial growth method (CVD), it is 
difficult to prepare large single crystals of silicon 
carbide and to control with high accuracy the size. 

50 shape, polytype and doping of the silicon carbide 
crystals. 

Silicon carbide crystals exist in hexagonal, 
rhombohedral and cubic crystal structures. Gen- 
erally, the cubic structure, with the zincblende 
55 structure, Is referred to as the jS-SIC or 3C-SiC 
whereas numerous polytypes of the hexagonal and 
rhombohedral forms are collectively referred to as 
a-SiC. The most common a-SiC polytype Is 6H- 

2 
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SiC. Each of the various silicon carbide polytypes 
have unique electrical and optical properties which 
give them advantages over the other polytypes in 
particular applications. For exannple, the 6H-SiC 
polytype has a bandgap of about 2.9 electron volts 
and a hexagonal structure, wherein the 3C-SiC 
polytype has a lower bandgap of about 2.2 electron 
volts and has a higher synnnnetry structure than the 
6H-SiC polytype. These property differences lead 
to advantages for the 6H-SiC polytype in some 
applications such as a wider bandgap resulting in 
blue light-emitting diodes and operation at higher 
temperatures. On the other hand, the 3C-SIC poly- 
type has a higher electron mobility leading to a 
higher frequency of operation. 

SiC polytypes are formed by the stacking of 
double layers of Si and C atoms. Each double 
layer may be situated in one of three positions. 
The sequence of stacking which determines the 
particular polytype. The stacking direction is called 
the crystal c-axis which is perpendicular to the 
basal plane. For 6H-SiC polytypes, the (0001) 
plane (the Si-face) or (0001) plane (the C-face) is 
known as the basal plane and for 3C-SiC, the plane 
(111) is equivalent to the (0001) basal plane. 

Many advances have been made in the grow- 
ing of higher quality 6H-SiC and 3C-SiC crystals 
having fewer dislocations, stacking faults, micro- 
twins, double positioning boundaries (DPBs), 
threading dislocations and anti-phase boundaries 
(ARBs). However, with all the advances in growing 
3C-SiC and 6H-SiC crystals, the controlled purity 
and doping of such crystals Is limited. Furthermore, 
controlled and reproducible degenerate doping or 
very low doping has of yet been unachievable. 
Dopant incorporation in a grown crystal is known as 
intentional impurity incorporation and, contaminant 
incorporation into the crystal is known as uninten- 
tional impurity incorporation (i.e. contamination). 
During the sublimation or CVD crystal growing pro- 
cess, various compounds and/or elements are in- 
tentionally and unintentionally incorporated into the 
crystal. Various techniques of limited success have 
been used to exclude contaminants from a crystal 
to produce highly pure crystals. One technique 
reported for InP and GaAs CVD growth systems is 
the use of a blocking technique whereby relatively 
large amounts of a crystal compound are used to 
block or shield the crystal surface from impurities. 
Chemistry of The ln-l-l2PCl3 Process by R.C. 
Clarke, Inst. Phys. Conf. ; Ser. No. 45; Chapter 1 
(1979) 19-27 and Doping Behavior of Silicon and 
Vapor Growth III - V Epitaxial Films by H.P. Pogue 
and B.M. Quimlich, J. Crystal Growth 31 (1975) 
183-89. Although the blocking technique reduces 
contaminant incorporation into a crystal, the re- 
quired use of large amounts of a crystal growing 
compound to effect blocking has adverse effects 



on crystal quality and surface morphology. In addi- 
tion to the problems associated with contaminant 
exclusion, the controlled intentional doping of cry- 
stals at relatively low concentrations has of yet 

5 been unachievable and/or unreproducible. Further- 
more, techniques to control and/or reproduce sharp 
dopant concentration profiles within crystals (i.e. 
from p-type to n-type, degenerate to lightly doped) 
are also unavailable. 

10 A variety of prior art techniques have been 

developed, and tried, in an attempt to control the 
impurity incorporation in the growing SiC films. For 
example, molecular beam epitaxy (MBE) utilizes an 
ultrahigh vacuum system and the growth of the 

75 crystal occurs by using a stream of molecules 
which is formed into a beam and focused onto a 
heated substrate. This technique does offer some 
amount of control over dopant-concentration pro- 
files. However, the low rate of growth is a major 

20 drawback and poses several problems. First, com- 
mercialization is not practical because of the very 
low growth rate. Second, the impurity incorporation 
Is still limited by the purity of the source gas and 
cleanliness of the growth reactor. Furthermore, the 

25 problem of impurity incorporation is exacerbated 
by the very slow growth rate. 

Another technique for doping SiC is the use of 
ion implantation, which is a post-growth doping 
technique used to introduce the desired dopants. 

30 This method produces a large amount of damage 
to the crystal structure and typically requires a 
post-anneal step to reduce the high density of 
defects (which greatly affects device quality) gen- 
erated by this technique. Furthermore, as a result 

35 of the unusually high temperatures (>1800'C) 
needed for the only partially effective annealing of 
SiC crystals, the dopant concentration changes by 
a factor of four (4X) for p-type and is lost via out- 
diffusion for the n-type dopants. 

40 When degenerately doped layers are desired, 

such as the case when metal contact layers are 
needed, obtaining degenerate p-type via CVD is 
limited by problems such as gas phase nucleation 
(from an excessively high concentration of p-type 

45 source gas needed) which results in very poor film 
morphologies. 

As a result of the inadequate techniques avail- 
able to control dopant and/or contaminant incor- 
poration into crystals grown in a CVD process, 

50 there is a demand for a method to selectively 
exclude impurities from a CVD grown crystal. 

The Invention 

55 The present invention relates to a method of 

growing high-quality crystals and controlling the 
impurity or dopant incorporation during crystal 
growth. 
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In accordance with the principal feature of the 
invention, there is provided a systenn and a nnethod 
of controlling the amount of a selected element 
deposited in a given growth area of a crystal grown 
by Ihe chemical vapor deposition (CVD) process. 
The type of crystal grown is a SiC crystal wherein 
silicon (Si) is deposited in Si growth sites and 
carbon (C) is deposited in C growth sites at the 
growth area. The selected element competes for 
either the St growth site or C growth site during 
SiC crystal growth. The improvement comprises 
flowing of a first amount of a gaseous Si compound 
through the growth chamber and flowing a second 
amount of a gaseous C compound through the 
growth chamber and controlling the ratio of the first 
amount of Si compound relative to the second 
amount of C compound to control the amount of 
the selected element deposited in the SiC crystal 
at the crystal growth area. The selected element is 
an impurity and is either a dopant or a contamin- 
ant. 

A crystal growth chamber is used to grow the 
crystals by chemical vapor deposition. The crystal 
growing chamber includes a crystal growing area 
upon which crystals are grown. The crystal growing 
chamber may also include a heating element to 
control the temperature within the crystal growing 
chamber. The crystals are formed within the crystal 
growing chamber by introducing vaporized crystal 
growing compounds into the chamber. A carrier 
gas may be used to introduce the crystal growing 
compounds into the crystal growing chamber. 
Many different types of crystals may be grown in 
the crystal growing chamber such as silicon car- 
bide, gallium arsenide, gallium phosphide, etc. The 
grown crystals are formed by crystal components 
being deposited in crystal growing sites. For exam- 
ple. SiC crystals are grown by introducing a silicon 
compound and a carbon compound into the crystal 
growing chamber. In the crystal growing chamber, 
carbon atoms disassociate from the precursor of 
the carbon compound and silicon atoms disasso- 
ciate from the precursor of the silicon compound. 
The SIC crystal is then grown by carbon atoms 
being deposited in carbon sites and silicon atoms 
being deposited in silicon sites. The SiC crystal is 
formed from stacked double layers or film layers of 
silicon and carbon atoms. Each film layer is formed 
from a layer of carbon atoms bonded to a layer of 
silicon atoms. Due to the double layer stacking of 
SiC film layers, the SIC crystal has a silicon face 
and a carbon face. The crystal growing sites, such 
as cartx)n sites and silicon sites for a SiC crystal, 
are highly specific as to what types of atoms or 
molecules may enter the site during crystal growth. 
The high specificity of the crystal growing site is 
due in part to the physical configuration of the site. 
Each atom and molecule has a distinct size and 
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atomic configuration. Unless an atom or molecule 
has the same or a similar size and configuration as 
the crystal growing site, the atom or molecule will 
have a low probability of bonding at the growing 
5 site. The crystal growing site specificity is also 
affected by bonding forces in and about the grow- 
ing site. Each atom and molecule has an electron 
shell, having some charge, which interacts with 
electron shells of atom or molecules present about 
10 the growing site, thereby being either attracted to 
or repelled from the grov4h site. The purity of any 
crystal grown by the CVD process can be con- 
trolled by controlling the impurity deposition in the 
growth sites during crystal growth. During crystal 
75 growth, a specific growth site has a particular de- 
mand for a compatible atom or molecule. The 
growth site demand can be manipulated by control- 
ling the amount of compatible atoms or molecules 
near the growth site. The competition for a particu- 

20 lar growth site between a crystal atom component 
and an impurity atom or molecule is controlled by 
controlling the concentration of the respective 
atoms or molecules at the grov^h site. Surprisingly, 
the growth site competition can be accurately and 

25 reproducibly controlled by controlling the ratio of 
the crystal growing compounds introduced into the 
crystal growing chamber. Many crystals other than 
SiC crystals which have two or more growth sites 
potentially can be grown by a CVD process and 

30 use the site competition technique to control impu- 
rity incorporation. The recognition and implementa- 
tion of growth site competition technique allows for 
substantially greater latitude and control as com- 
pared to prior growrth techniques over crystal film 

35 growth conditions, so as to optimize crystal growth 
rate, surface morphology, impurity profiles and oth- 
er film characteristics during crystal growth. 

In accordance with a broader aspect of the 
present invention, there is provided a system and a 

40 method of controlling the amount of a non-crystal 
element deposited in a given growth area of a 
crystal formed from at least two crystal elements 
as the crystal Is grown at the crystal growing area 
by a CVD process conducted in a growth chamber. 

45 The crystal comprises a first crystal element and a 
second crystal element and the grown crystal has 
at least two crystal growing sites. The first crystal 
element is deposited in the first crystal growing site 
and the second crystal element is deposited in the 

60 second crystal growing site. The non-crystal ele- 
ment is competitive for at least one of the growth 
sites. The improved method comprises flowing a 
controlled amount of gaseous crystal element com- 
pounds through the growth chamber, wherein each 

65 of the crystal element compounds include at least 
one of the crystal elements, and controlling the 
ratio of the controlled amount of gaseous crystal 
element compounds to control the amount of the 

4 
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non-crystal element deposited in a particular 
growth site of the crystal at the crystal growth area. 
The non-crystal elennent is an innpurity such as a 
dopant or a contanninant. The crystal can be 
formed by two, three, four or more crystal elements 
to form a binary, tertiary, etc., type of crystal. Each 
crystal element is deposited in a particular crystal 
growth site. The non-crystal element competes with 
at least one particular crystal growth site. The non- 
crystal element normally only competes with one 
crystal growth site due to the geometry and charge 
of the non-crystal element and the geometry and 
charge of the crystal growing sites. If a non-crystal 
element can deposit itself in more than one crystal 
growing site, the non-crystal element usually has a 
much larger affinity for one over the others. The 
type of crystals that possibly can be grown include 
ZnSe. GaAs, InP, InxGai-xAs, GaAsP, GaP, InAs, 
InxGa,. xAsyPi-Y. etc. 

In accordance with another aspect of the 
present invention, a dopant material is Introduced 
into the crystal growing chamber and the rate of 
dopant incorporation into the crystal during crystal 
growth is controlled. Various types of dopant ma- 
terials may be used to form n-type or p-type layers 
in the crystal. The dopant profile of a crystal is 
very important for the type of electronic device the 
doped crystal is incorporated therein. The dopant 
material is introduced Into the growing chamber 
either in its pure form (i.e. nitrogen) or as a com- 
pound which includes the dopant material bound to 
a dopant precursor (I.e. trimethyl aluminum). The 
dopant material which is introduced into the growth 
chamber is selected such that the dopant material 
has an affinity for at least one of the growth sites of 
the crystal. Almost all dopants have an affinity for 
only one growth site due to the physical char- 
acteristics of the dopant and of the growth site. The 
select few dopants which may bind in multiple 
crystal growth sites have a higher affinity for one 
growth site as compared to the others. Once the 
dopant material is introduced into the crystal grow- 
ing chamber, the dopant material primarily com- 
petes with a crystal element component for a par- 
ticular growth site. The competition (i.e. demand) of 
the dopant material with a crystal atom component 
for a particular growth site is controlled by the 
manipulation of the availability of the growth site. 
The manipulation of the growth site demand is 
accomplished by adjusting the ratios of the crystal 
atom components within the crystal growing cham- 
ber. By proper manipulation of the ratios of the 
various crystal atom components, a particular 
growth site will become more or less available to 
the dopant material during the crystal growing pe- 
riod, thus affecting and controlling the growth site 
demand and the dopant concentration profile within 
a particular crystal. 



In accordance with still another aspect of the 
present invention, the crystal is grown on a 
pretreated substrate to expand the growing param- 
eters for producing high quality crystals. The sub- 

5 strate may or may not be made of the same 
material as the grown crystal film. A crystal film 
grown on a substrate may be grown homoepitax- 
ially (substrate and crystal film have the same 
crystal elements and structure) or grown 

10 heteroepitaxially (substrate and crystal film have 
different .crystal elements and/or structure). The 
substrate is pretreated to remove impurities from 
the substrate surface which may cause defective 
crystal films during the crystal growth. Abnormal 

75 crystal growth can take place at sites where there 
is contamination or defects or some other surface 
disturbance on the substrate surface. These con- 
taminants or defects result in unwanted nucleation 
resulting in crystals having unwanted polytype 

20 structure, inferior surface morphology, stacking 
faults, APBs, low quality dopant profiles, high con- 
taminant concentrations, etc. Contaminants and 
surface defects are removed from the substrate by 
proper cutting and polishing of the substrate sur- 

25 face and subsequent etching of the substrate sur- 
face. The etching is carried out so as not to alter 
the substrate surface in a manner that would impair 
crystal growth upon the substrate surface. The 
clean, low-defect substrate surface surprisingly ex- 

30 pands the operation parameters for growing quality 
crystals. By reducing the stress to the crystal grow- 
ing process, previous Si/C concentration ratios 
within a growth chamber were limited in range and 
did not stray far from a narrow ratio-range which is 

35 dependent on the choice of hydrocarbon employed 
(Si:C::1:1 for SiH4/C2H4, Si:C::2:3 for SIHa/CsHs). 
With any given crystal growing process, there are 
stress components to the process such as tem- 
perature, pressure, crystal component concentra- 

40 tions. dopant concentrations, impurity concentra- 
tions, growth surfaces, etc.. which affect the crystal 
film layer during growth. The elimination or reduc- 
tion of stresses during crystal growth caused by a 
defective and/or contaminated substrate surface al- 

45 lows for a greater variance in stress levels from 
other stress components. The reduced stresses 
caused by a pretreated substrate enable the use of 
greater crystal compound ratio ranges in the 
growth chamber for enhanced control of impurity 

50 incorporation into the crystal. 

In accordance with still another aspect of the 
present invention, there is provided a method for 
growing crystals whereby the crystals are grown on 
a particular surface face of a substrate to reduce 

55 the stresses to the crystal growing system. A sub- 
strate formed from two or more different atoms will 
have a crystal structure having at least three dis- 
tinctive faces. Substrates formed of Si-C crystals 
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have a silicon face (Si-face), a carbon face <C-face) 
and a carbon-silicon face (A-face). Each face of the 
crystal structure has different physical characteris- 
tics (e.g. polarity) which can increase or reduce the 
stresses to the crystal growing system, which will 
effect the quality of the crystals grown on the 
substrate face. 

The primary object of the present invention is 
the provision of a method to grow high-quality, 
reproducible crystal films by chemical vapor depo- 
sition. 

Another object of the present invention is the 
provision of a method for controlling impurity incor- 
poration in a crystal film layer during the growth of 
a crystal. 

Still another object of the present invention is 
the provision of a method to grow high-quality, low- 
defect reproducible crystals having a desired impu- 
rity profile. 

Yet still another object of the present invention 
is to provide a method for growing crystals on a 
pretreated substrate whereby contaminants and 
surface defects have been removed from the sur- 
face of the substrate upon which crystals are to be 
grown. 

Another object of the present Invention Is to 
provide a method for growing crystals on a particu- 
lar face of the substrate to produce high quality 
crystals having low defects and a smooth surface 
morphology. 

Yet another object of the present invention is to 
provide a method for degenerate doping of crystals 
for both p-type and n-type epilayers having a high- 
quality surface morphology and low defects. 

Yet still another object of the present Invention 
is to provide a method for growing crystals having 
very abrupt changes in dopant n-p type profiles. 

Another object of the present invention is to 
provide a method of growing extremely abrupt dop- 
ant profile interfaces. 

Yet another object of the present invention is to 
provide a method for growing low-defect, low-con- 
centration doped single-crystals on various sub- 
strates. 

Another object of the present invention is to 
provide a method for growing crystals having 
abrupt changes in dopant concentration profiles. 

Still yet another object of the present invention 
is to provide a method for growing high-quality, 
low-defect crystals having gradient dopant profiles. 

Yet another object of the present invention is to 
provide a method for increasing the range of con- 
centration ratios usable to grow high-quality, low- 
defect crystals. 

Yet still another object of the present invention 
is the provision of a method to grow high-quality, 
low-defect crystals having very high dopant con- 
centrations. 



These and other objects and advantages will 
become apparent to those skilled in the art upon 
reading the following description taken together 
with the accompanying drawings. 

5 

Brief Description of The Drawings 

FIGURE 1 is a schematic drawing of a CVD 
system employed for the growing and doping of 
10 crystals in accordance with the present inven- 
tion; 

FIGURE 2 is a plan view of a substrate that has 
been divided Into selected growth regions; 
FIGURE 3 is a plan view schematic drawing of a 
75 selected growth region having parallel lines 
which illustrates some of the atomic-scale 
growth steps; 

FIGURE 4 is a schematic diagram illustrating the 
homoepitaxial growth of 6H-SiC films upon a 
20 6H-SiC substrate; 

FIGURE 5 illustrates a plan view of a 6H-SiC 
crystal showing the dimensional axis of the cry- 
stal; 

FIGURE 6 is a cross-sectional view of a SIC 
25 substrate showing the Si-face and the C-face 

and the A-face of the substrate; 

FIGURE 7 is a cross-sectional view of a 6H-SiC 

substrate nucleated with 3C-SiC; 

FIGURE 8 is a substrate as shown in FIGURE 7 
30 illustrating the expansion of 3C-SiC growth from 

a nucleation point on the 6H-SiC substrate; 

FIGURE 9 illustrates the site competition at the 

C site and Si sites during the growing of an SiC 

crystal; 

35 FIGURE 10 is a graphic illustration of a dopant 
concentration profile of a crystal; 
FIGURE 11 is a cross-sectional view of p and n 
epilayers of a SiC crystal grown upon a SiC 
substrate; and 

40 FIGURE 12 illustrates the forward and reverse 
current-voltage characteristics on a logarithmic 
scale of a 3C-SiC crystal at several tempera- 
tures. 

45 Preferred Embodiment 

Referring now to the drawings, wherein the 
showings are for the purpose of illustrating pre- 
ferred embodiments of the invention only and not 

50 for the purpose of limiting the same, the invention 
describes an improved chemical vapor deposition 
(CVD) method for obtaining Improved control of 
impurity incorporation and dopant profiles of CVD 
films and also improving the quality of the grown 

55 crystal films. While the method may be applied to 
many different crystals, the method will be specifi- 
cally described with respect to the growing of sili- 
con-carbide (SiC) crystals. The improved CVD 
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method includes pretreating a substrate, heating 
the substrate in a reaction chamber, introducing a 
carrier gas, vaporizing the crystal growing com- 
pounds, introducing the vaporized compounds in 
the reaction chamber via the carrier gas, maintain- 
ing proper energy levels and material flow rates in 
the reaction chamber for a sufficient time to grow a 
crystal film having a desired smooth surface mor- 
phology, a uniform thickness, a low-defect density 
and a controlled impurity profile. The crystals may 
be intentionally doped to form n-type and/or p-type 
crystals. The improved CVD crystal growing meth- 
od is based on the discovery that impurity incor- 
poration into a growing SiC film layer is very sen- 
sitive to the ratio of silicon compound (Si contain- 
ing precursors) and carbon compound (C contain- 
ing precursors) in the reaction chamber during cry- 
stal growth. By varying the Si/C compound ratio at 
or near the crystal growing surface, the impurity 
incorporation into the growing crystal film is con- 
trolled. 

The method of the invention can be carried out 
with a conventional chemical vapor deposition 
(CVD) system similar to that used in Si. SiC and 
GaAs semiconductor technology. The gases used 
in a SiC CVD system are hydrogen (used as a 
carrier gas), silane (used as a source of Si), HCI 
(used for cleaning and etching the substrate sur- 
face), propane (used as a source of C), nitrogen 
(N2) (used as a n-type dopant), and trimethyl alu- 
minum (TI\/IA) (used as a p-type dopant). Other 
gases may be used as the Si or C source or used 
to dope the crystal. If organic compounds are used 
as the Si and C source, the process is commonly 
referred to as metal-organic vapor phase epitaxy 
(MOVPE). Any CVD system that can deliver these 
gases to a suitable reaction chamber at the proper 
flow rates under high purity conditions can be used 
for the inventive method. 

Referring now to FIGURE 1. there is shown a 
schematic, partial view of a suitable CVD reaction 
system for carrying out the process of the inven- 
tion. The CVD reaction system includes a reaction 
chamber 22 comprised of a double-walled quartz 
tube such that the inner quartz tube can be water 
cooled. The inside diameter of reaction chamber 
22 is preferably 50 mm. A SiC substrate 24 is 
supported by a SiC coated graphite susceptor 26, 
which in turn is supported by quartz support 28. To 
produce the desired temperature of the surface of 
substrate 24, a radio-frequency (RF) induction coll 
30 is disposed around reaction chamber 22. Induc- 
tion coil 30 is powered by frequency generator 31. 
The RF field produced by induction coll 30 heats 
substrate 24 via susceptor 26 to the desired tem- 
perature. When the SiC film layers are grown, 
substrate 24 is preferably a SiC substrate. The 
gaseous crystal compounds are introduced into 



EP 0612104A2_I_> 



reaction chamber 22 by primary line 33. Primary 
line 33 is located at one end of reaction chamber 
22 and directs the gases to flow in direction G 
across substrate 24 and out the opposite end of 

5 chamber 22. The various gaseous crystal com- 
pounds are connected to primary line 33 and the 
gas flow is regulated by valves 34 and regulators 
35 connected to each gas line. Line 36 is the 
silicon gas line that controls the silane flow into 

70 primary line 33, and line 37 is the carbon gas line 
that controls the propane flow into primary line 33. 
The dopants are introduced into primary line 33 by 
line 38 and line 39. Line 38 is the n-type dopant 
line and preferably controls the nitrogen gas (N2) 

75 flow rate. Line 39 is the p-type dopant line and 
preferably controls the trimethyl aluminum (TMA) 
flow rate. Carrier gas line 31 carries all the gaseous 
crystal compounds and dopants through primary 
line 33 and into reaction chamber 22. The carrier 

20 gas is preferably a gas such as hydrogen gas (H2). 
Carrier gas line 31 is partially diverted into line 31a 
to supply line 39 so that the carrier gas can be 
bubbled through the liquid TMA. A vacuum line V 
connected to a vacuum can be connected to pri- 

25 mary line 33 to evacuate reaction chamber 22 of 
gases. 

Preferably, substrate 24 is pretreated to re- 
move any contaminants or impurities on the sur- 
face of the substrate so as to facilitate the growing 

30 of high-quality, low-defect epitaxial films. SiC sub- 
strate 24 is prepared by slicing a section from a 
SiC boule. Substrate 24 may be cut such that the 
surface is slightly misoriented relative to the basal 
plane by some tilt angle. If 3C-SiC film layers are 

35 to be heteroepitaxially grown on an a-SiC substrate 
24, the tilt angle preferably is less than 1 • and 
additional surface preparation is necessary. If SiC 
film layers are to be grown homoepitaxially on SIC 
substrate 24, the tilt angle Is preferably greater 

40 than 0.1 • . The tilt direction is preferably toward the 
<1100) or <1120> direction, as illustrated in FIGURE 
5, to produce the optimum growth rates and quality 
of the SiC epitaxial films grown on substrate 24. 
The surface of substrate 24 is polished preferably 

45 on one surface with a diamond paste. SiC substrate 
24 has three faces, a Si-face 50. a C-face 52 and 
the A-face 54. as illustrated in FIGURE 6. Any of 
the faces may be polished and prepared for growth 
of the SiC epitaxial layers. Preferably, Si-face 50 is 

50 polished and used for epitaxial growth. It has been 
found that Si-face 50 produces the highest-quality 
epitaxial layer films which have the best surface 
morphology and lowest defects. 

If heteroepitaxy is preferred, then substrate 24 

56 is further prepared by creating boundaries or 
grooves 62 on the face of substrate 24 which form 
grov^h regions 60, as illustrated in FIGURE 2. 
Grooves 62 forming growth region boundaries 60 

7 
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are preferably cut with a precision dicing saw with 
a 25 micronr^eter thin blade to minimize crystal 
damage; however, boundaries 60 may be formed 
by other processes such as photolithography, ion 
etching and/or photochemical or electrochemical 
etching processes. The width of groove 60 need 
only be less than 1 micrometer but larger widths 
can also be used. The depth of groove 60 is 
preferably about 50 micrometers but may be larger 
or smaller. 

Once the substrate surface has been polished 
and growth regions 60 have been formed, substrate 
24 is placed in reaction chamber 22. Prior to grow- 
ing the crystal film layers on substrate 24, the 
substrate is pretreated with a pregrov^rth etch to 
remove contaminants and defects on the surface of 
the substrate that could act as unwanted sites for 
heterogeneous nucleation of the SiC film layers. 
These defects on the surface of the substrate can 
be generated during the cutting and polishing of 
the substrate. Preferably, the pregrowth etch in- 
volves subjecting substrate 24 to a high tempera- 
ture gaseous etch in a mixture of hydrogen chlo- 
ride gas and hydrogen within the reaction chamber. 
The etch is monitored such that the substrate is not 
altered in a way that unwanted sites for heteroge- 
neous nucleation are introduced to the surface of 
the substrate. Preferably, the etch uniformly re- 
moves at least one atomic layer from the surface of 
substrate 24 to ensure a low-defect, highly-pure 
surface. A typical etch is carried out for about 25 
minutes at a temperature of 1350°C using about 3 
- 4% hydrogen chloride gas in an H2 carrier gas 
with a flow of about 3 liters per minute. Preferably, 
the concentration of the hydrogen chloride gas 
ranges between 1 - 5% during the pregrowth etch. 
Lower hydrogen chloride gas concentrations may 
not properly remove all the contaminants and sur- 
face defects from the substrate. Higher hydrogen 
chloride gas concentrations may produce a rough 
surface morphology or pits on the substrate, which 
may cause lateral growth of the epitaxial layers and 
create random nucleation sites throughout the sur- 
face of the substrate. The temperature during the 
etch ranges between 1200 - 1500'C. Lower tem- 
peratures will not properly eliminate unwanted het- 
erogeneous nucleation sites. Temperatures greater 
than 1500'C will too rapidly etch the substrate 
surface around the peripheral edge of the substrate 
and introduce unwanted heterogeneous nucleation 
sites upon the surface of the substrate. Other preg- 
rowth treatments, such as oxidation or reactive ion 
etching, may also be used to further remove poten- 
tial unwanted nucleation sites prior to growing the 
crystal epilayers. 

Referring now to FIGURE 3, nucleation sites 70 
on substrate 24 may be formed for intentional 
heterogeneous nucleation. Nucleation sites 70 can 
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be formed by an intentional localized alteration of 
the surface of substrate 24. These sites 70 can be 
formed by indenting substrate 24 with a diamond 
scribe at a predetermined location, damaging sub- 

5 strate 24 by using an electrical probe striking an 
arc between the surface, and/or implanting a sin- 
gle-crystal whisker of some desired polytype on 
substrate 24. If 3C-SiC crystals are to be grown on 
a 6H-SiC substrate 24. as shown in FIGURE 8. a 

70 whisker of 3C-SiC polytype crystal is implanted at 
nucleation site 70 in a desired growth region 60 of 
substrate 24, as illustrated in FIGURES 3 and 7. 
For growing SiC epilayers, the optimum location for 
nucleation site 70 is at the corner of growth region 

75 60 and on the topmost terrace or step 72, as 
illustrated in FIGURE 3. As illustrated in FIGURES 
3 and 7, the surface of substrate 24 comprises 
several steps 72 of crystal layers. The multiple 
steps 72 are formed when the substrate is cut at 

20 any non-zero angle relative to the basal plane. For 
instance, if the substrate surface is tilted at an 
angle a oi 3* (relative to the basal plane), as 
illustrated in FIGURE 4. a substrate surface will cut 
across several crystal layers to form multiple cry- 

25 stal layer steps 72. Nucleation site 70 should be 
located on the uppermost step 72. as illustrated in 
FIGURE 3. The optimum direction of the substrate 
tilt is along the diagonal D of growth region 60. as 
illustrated in FIGURE 3. 

30 Once substrate 24 has been pretreated, reac- 

tion chamber 22 is prepared for crystal growth. 
Reaction chamber .22 is preferably evacuated by 
vacuum via vacuum line V and subsequently 
purged with an inert gas to remove impurities. 

35 Hydrogen gas may be used to purge the reaction 
chamber. Once the reaction chamber is purged, 
the carrier gas flow rates and the temperature 
within the reaction chamber are brought to equilib- 
rium. Hydrogen gas is preferably used as the car- 

40 rier gas. but other gases (e.g. inert gases) can be 
used. Once the temperature and flow within the 
reaction chamber have reached equilibrium, gen- 
erally within less than one minute, silane and pro- 
pane are added to the carrier gas to initiate SiC 

45 growth. Preferably, the silane concentration within 
the carrier gas is approximately 200 ppm resulting 
in a 200 ppm atomic concentration of Si. The 
amount of propane introduced into the carrier gas 
is approximately 130 ppm to 600 ppm resulting in 

50 a atomic concentration of C between 390 ppm to 
1800 ppm. The prescribed pretreatment of sub- 
strate 24 allows for significantly greater deviations 
from the optimum Si/C ratio than was previously 
thought possible for growing high-quality, low-de- 

55 feet SiC crystals. The ratio of the atomic concentra- 
tions of Si to C may be varied to create different 
growth rates and different types (i.e. n or p-type) of 
SiC epilayers. The ratio may range between 0.01 - 

8 
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1.0 and preferably is between 0.1 - 0.5. 

Referring now to FIGURE 4. there is shown an 
atonnic-scale cross-sectional drawing of 6H-SiC 
substrate 24 comprising several layers of 6H-SiC 
film 41 and several epitaxial 6H-SiC film layers 40 
deposited on the surface of the substrate. SiC 
epilayer growth rates from a carrier gas containing 
200 ppm silane and 600 ppm propane resulted in a 
vertical epilayer film growth rate parallel to the c- 
axis of about 5.5 micrometers per hour. Once the 
crystal begins to grow, multiple layers 40 will form 
on top of each other thus producing a multiple- 
layer SiC epitaxial film, as shown in FIGURE 4. 

FIGURES 7 and 8 illustrate the growth of 3C- 
SiC epilayers 40a on substrate 24 made of 6H-SiC 
epilayers 41. As the crystal growth continues over 
time, the 3C-SiC epilayers 40a grow laterally from 
3C-SiC nucleation site 70a until the 3C-SiC epi- 
layers (film layers) 40a completely cover the 
growth region. The growing of 3G-SiC boundary 
film layer 40a on 6H-SiC film layer 40 is called a 
heteroepitaxial layer. A heteroepitaxia! layer is an 
epitaxial film layer that is of a different material, 
different polytype. or Is lattice-mismatched from 
the film layer upon which it grows. The 
heteroepitaxial layer is under stress due to com- 
pression or tension along the plane between the 
two different polytype epilayers. Although there is 
stress between the two polytype epilayers, the 30- 
SiO film layers 40a have few, if any, DPBs and 
stacking faults because nucleation of the 3C-SiC 
epilayer takes place at one location. 

Referring now to FIGURE 9, during the growth 
of the SiO epilayers Si atoms are deposited in Si 
sites 80 and C atoms are deposited in 0 sites 82. 
As a result, the StO epilayers are formed by layers 
of SI atoms 86 and O atoms 84 forming on sub- 
strate 24. One epilayer or film layer is represented 
as one double-stack layer of a SI atom layer 86 
and C atom layer 84. The SiC epilayers grow In 
stacking alternating layers of Si layers 86 and C 
layers 84, which increase the thickness of the SiC 
crystal. The type of SiC epilayer grown on the 
substrate can be controlled by nucleation sites 
and/or the polytype of the substrate. As illustrated 
in FIGURE 4, 6H-SiC epilayers 40 are grown on a 
6H-SiC polytype substrate 24, which is referred to 
as homoepitaxial growth. As illustrated In FIGURE 
8, 3C-SiC epilayers 40a are grown on a 6H-SiC 
polytype substrate using 3C-SiC nucleation site 
70a, which Is known as heteroepitaxial grovrth. 

FIGURE 9 Is an atomic scale schematic Il- 
lustration of Si atom layers 86 and C atom layers 
84 forming on substrate 24. Si-face 50 is prepared 
for SiC epilayer growth resulting in C atom layer 84 
being the first atom layer to form on the surface of 
the substrate. The growth of C atom layer 84 on Si- 
face 50 results in the growth of the highest-quality. 
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lowest-defect SiC epilayers. During the growth of 
the SiC film layers, there are a number of different 
types of atoms or molecules at or near the film 
surface. H2 represents the carrier gas in the reac- 

5 tion chamber- Cy and Six represent a C atom and a 
Si atom respectively which have disassociated 
from their respective precursors and are In the 
process of depositing themselves In their respec- 
tive C sites or Si sites. X, Y and Z represent 

70 impurities which intentionally or unintentionally ex- 
ist In the reaction chamber. Specifically. X repre- 
sents a dopant that competes with an Six {Si atom) 
for Si site 82 and Y represents a dopant that 
competes with a Cy (C atom) for C site 80. Z is a 

76 contaminant that was not removed during the purg- 
ing of the reaction chamber or was unintentionally 
Introduced into the reaction chamber. Z may com- 
pete for C site 80, SI site 82. both sites or no site. 
During the growth of the SiC film layer, the 

20 amount and type of impurity incorporated into the 
film layer is controlled to produce a SIC crystal 
with specifically designed properties. Dopants can 
be intentionally added to alter the electrical and/or 
optical characteristics of the SiC crystals. Phos- 

25 phorous and nitrogen dopants can be added to the 
SiC film layers to form n-type layers and aluminum 
and boron can be added to SIC film layers to form 
p-type layers. When an n-type SiC epilayer is 
formed, phosphorous or nitrogen, as represented 

30 as Y in FIGURE 9, competes with Cy for C sites 80 
during the formation of the C atom layer 84. Simi- 
larly, p-type dopants such as aluminum and boron, 
as represented by X in FIGURE 9, compete with 
Six for Si sites 82 during the formation of the Si 

35 atom layer 86. The impurity incorporation into each 
atom layer is significantly affected by the ratio of 
Sl/C in the reaction chamber. During the growing of 
a p-type film layer, wherein aluminum or boron is 
incorporated Into Si atom layer 86, the amount of 

40 p-type dopant Incorporated Is increased by de- 
creasing the Si/C ratio in the reaction chamber. 
Conversely, the amount of p-type dopant Incor- 
porated into SI atom layer 86 is decreased by 
Increasing the Si/C ratio in the reaction chamber. 

45 Similarly, when a n-type film layer is to be grown, 
wherein phosphorous or nitrogen is incorporated 
into C atom layer 84, the amount of n-type dopant 
incorporation increases as the Si/C ratio increases 
and n-type dopant incorporation decreases as the 

50 SI/C ratio decreases. 

Although the Inventors do not want to be held 
to one theory for this physical phenomena, it is 
believed that the controlled Incorporation of dop- 
ants Into the SiC film layers is accomplished by the 

55 manipulation of site competition at C sites 80 and 
Si sites 82. Although dopant concentrations in the 
film layers can be controlled somewhat by regulat- 
ing the amount of dopant introduced into the reac- 

9 
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tion chamber, very low dopant concentrations, very 
high degenerate dopant concentrations, sharp p-n 
junctions or n-p junctions, and/or reproducible dop- 
ant concentrations are unattainable by solely regu- 
lating the dopant concentration. The additional de- 
gree of control over dopant Incorporation is carried 
out by nnanipulating the demand of a particular 
dopant at Si site 82 or C site 80 during the film 
layer growth. During the growth of each SiC film 
layer, the rate at which a layer of SI atoms 86 and 
C atoms 84 are formed depends on the availability 
of atoms and/or molecules that can fill a particle 
site in the Si atom 86 or C atom 84 layer. When 
the concentration of C atoms in the reaction cham- 
ber is Increased relative to the Si atom concentra- 
tion, the demand for atoms to fill C sites 80 de- 
creases since the available amount of C atoms has 
increased. As a result, the C atom layer 84 is 
formed at a faster rate and C sites 80 are dis- 
proportionately filled with C atoms. However, the 
relative increase in C atoms effects a relative de- 
crease in Si atoms available to fill Si sites 82. The 
relative decrease in available SI atoms results in a 
slower filling of SI sites 82 and a greater demand 
for any type of atom or molecule to fill SI site 82. 
The greater Si site demand results in an increase 
in non-Si atoms (i.e. dopants, contaminants) filling 
Si sites 82 to form Si atom layer 86. Conversely, a 
relative increase in Si atoms to C atoms In the 
reaction chamber decreases the demand of atoms 
or molecules at Si sites 82 and Increases the 
demand of atoms or molecules at C sites 80. The 
decrease in Si site 82 demand, due to a relative 
increase in Si atom availability, results in a dis- 
proportionately high Si atom occupation in Si atom 
layer 86. Further, the increase in C site 80 demand 
reduces the rate at which the C atom layer 84 is 
formed and increases the amount of impurities 
relative to C atoms incorporated into C atom layer 
84. 

The simultaneous control of the multiple growth 
sites of the crystal can be used to control the 
impurity profile of crystals irrespective of the impu- 
rities contained within the reaction chamber. For 
instance, during the growth of SiC crystals, an n- 
type crystal can be grown even if equal amounts of 
n-type and p-type dopant were present in the reac- 
tion chamber. By properly controlling the Si/C ratio 
(i.e. increasing the SI/C ratio) in the reaction cham- 
ber, the simultaneous demand manipulation of Si 
site 82 and C site 80 is effected whereby Si site 82 
demand decreases and C site 80 demand in- 
creases. The increase in C site 80 demand results 
in larger n-type dopant incorporation into C atom 
layer 84 than p-type dopant incorporation into Si 
atom layer 86, thereby forming an n-type SiC cry- 
stal. The simultaneous growth site manipulation 
may be possibly used to grow other types of 



crystals having at least two growth sites. 

The phenomena of controlling impurity incor- 
poration Is also believed to be affected by growth 
site physical properties, site geometry and the 
5 growth rate of Si atom layer 86 and C atom layer 
84. It is postulated that the competition for C site 
80 between a C atom and an impurity is in favor of 
the C atom, and the competition for Si site 82 
between a Si atom and an impurity is in favor of an 

10 Si atom. In a crystal lattice structure, a particular 
growth site has a specific geometry into which an 
atom or molecule can bond. For instance, in Si site 
82, the geometry is of the shape of a Si atom. The 
electron cloud about the Si atom specifically bonds 

76 with the atoms surrounding Si site 82 to form a 
highly stable bond. An impurity which does not 
have the proper geometry to fit into Si site 82 has 
a very low probability of bonding. Si site 82 also 
has a particular charge, due to atoms located about 

20 Si site 82, which is receptive to a Si atom or 
another atom or molecule having a charge similar 
to a Si atom. Furthermore, there exists an equilib- 
rium reaction between the bonding and unbending 
of a particular atom to Si site 82. It is believed that 

25 during relatively rapid Si atom layer growth, 
wherein the Si/C ratio is large, the equilibrium of 
reaction is in favor of the Si atom. In addition, it is 
believed that the equilibrium of reaction in favor of 
the Si atom reduces as the growth rate of the Si 

30 atom layer decreases. Therefore, in a situation 
wherein a Si atom and an impurity simultaneously 
reach Si site 82, the Si atom has a higher probabil- 
ity to bond at Si site 82 due to its geometry, 
charge and equilibrium of reaction with Si site 82. 

35 The postulated competition for Si atom in Si sites 
82 equally applies to C atom competition in C atom 
sites 80. 

The control of the Si/C ratio in the reaction 
chamber enables the production of quality, repro- 
40 ducible SiC crystals which can be degenerately 
doped with dopant concentrations exceeding 1 .0 X 
10^^ cm~3 or very light dopant concentrations at 
least as low as 10^^ cm"^. 

FIGURE 10 illustrates a dopant profile of an n-p 
45 type SIC crystal. The SiC crystal was initially dop- 
ed with an n-type dopant to produce several de- 
generate n-type film layers 90 containing n-type 
dopant concentrations exceeding 1.0 X 10^^ cm"^. 
The degenerate layers generally are used as con- 
so nect points between the crystal and metal connects 
(Ohmic contacts). The dopant profile illustrates SiC 
crystal film layers 92 containing decreasing 
amounts of n-type dopant resulting from a de- 
crease in dopant atoms and/or a decrease in the 
55 Si/C concentration in the reaction chamber. A sharp 
n-p 94 junction is illustrated. Junction 94 can be 
produced by decreasing or terminating the n-type 
dopant flow into the reaction chamber and introduc- 
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ing or increasing p-type dopant into the reaction 
channber. Further, the regulating of the Si/C con- 
centration ratio in the reaction chamber can pro- 
duce a highly defined, controllable and reproduc- 
ible n-p junction. The p-type dopant incorporation 
is increased in film layers 96 by increasing the 
dopant concentration and/or decreasing the Si/C 
concentration ratio. The dopant incorporation is in- 
creased until p-type degenerate film layers 98 are 
formed. Alternatively, a p-n junction can be formed 
by first forming p-type film layers and then forming 
n-type film layers. 

FIGURE 11 illustrates an SiC crystal having p- 
type SiC layer 100 growing on the surface of 
substrate 24, a n-type layer 102 grown on layer 
100 and a p-type layer 104 grown on layer 102 to 
form a pnp SiC crystal which is the basic building 
block of all electronic devices. Many different SiC 
crystals with varying dopant profiles can be made 
by the inventive method. Controlled and reproduc- 
ible dopant concentration below 1.0 X 10^^ cm"^ 
and degenerate film layers exceeding 1.0 X 10^^ 
cm~3 (resulting in "Ohmic as deposited" metal 
contacts), which were previously unattainable, can 
be formed by growth site manipulation through the 
control of Si/C concentration in the reaction cham- 
ber. The SiC film layers can be grown on a sub- 
strate surface with little or no tilt angle or with large 
tilt angles. The control of growth site competition 
by varying the Si/C concentration in the reaction 
chamber appears not to be affected (within reason- 
able limits) by the tilt angle of the surface of the 
substrate. However, the tilt angle has been found to 
affect the polytype and crystal quality of the grown 
SiC crystals. 

The purity of a crystal grown by a CVD pro- 
cess can be substantially controlled by the manipu- 
lation of site competition at particular growth sites 
of the SiC film layers. During crystal growth, con- 
taminants, illustrated as Z in FIGURE 9. can incor- 
porate themselves into the SiC crystal during cry- 
stal growth. Purging the reaction chamber with an 
ultra-purified gas, such as hydrogen, reduces some 
but not all the contaminants within the reaction 
chamber. The source of the contaminants can be 
the precursors for the crystal atoms, impurities 
which inadvertently leak and/or are introduced into 
the reaction chamber and/or atoms or molecules 
within the reaction chamber prior to crystal growth. 
Preferably, the crystal component precursors are 
selected so as not to behave as a contaminant 
source. A common contaminant in SiC crystal 
growth is aluminum. Aluminum is commonly used 
as a p-type dopant. Upon entering the reaction 
chamber, aluminum, due to its metallic properties, 
has a tendency to remain in the reaction chamber 
after the doping process has ended. During the 
growth of a pure SiC crystal, aluminum remaining 



within the reaction chamber can bond in Si sites 82 
and potentially degrade the electrical characteris- 
tics of the SiC crystal. The amount of aluminum 
contaminant incorporation into the SiC crystal can 

5 be significantly reduced by increasing the Si/C 
concentration ratio in the reaction chamber and 
reducing the Si growth site demand. By identifying 
the primary contaminant which is incorporated with- 
in a SiC crystal and the growth site at which the 

10 contaminant bonds, the reduction of contaminant 
incorporation in the SiC crystal can be controlled 
by properly adjusting the crystal growing com- 
pound concentration ratio within the reaction cham- 
ber to reduce the demand of the contaminant at 

75 the growth site. 

The inventive method can be applied to the 
fabrication of semiconductor device structures of 
many kinds. The technique for control over the 
doping is far superior to any known conventional 

20 doping technique for growing SiC crystals. The 
technique also provides for abrupt in situ doping 
during crystal growth and is capable of fully utiliz- 
ing the doping concentration ranging from degen- 
erately p-type doped (for "Ohmic as deposited" 

25 contacts) through near intrinsic (extremely low dop- 
ed n-type or p-type) up to and including degen- 
erate n-type SiC. The ability to control the dopant 
in such a predictable and reproducible manner is 
crucial in the fabrication of most SiC devices. Many 

30 modifications of the inventive method are possible; 
for example, the inventive method could be carried 
out in an ultrahigh vacuum system (e.g. a molecu- 
lar beam epitaxial (MBE) system). 

35 EXAMPLE 1 

A n-type SiC crystal containing about 1.0 X 
10^^ cm~3 was formed using the improved CVD 
method. For the method described In this example, 

40 a commercial 6H-SiC substrate cut from a 6H-SiC 
boule was used. The Si-face (0001) of the sub- 
strate was polished with a diamond paste and cut 
with a 25 mm dicing saw to form boundaries on the 
substrate surface. The substrate was subsequently 

45 placed within the reaction chamber and subjected 
to an etch for about 20 minutes at a temperature of 
1375*C using about 3% - 4% HCI gas in a H2 
carrier gas with a flow of about 3 Umin. After 25 
minutes, the flow of HCI gas was terminated and 

50 the temperature of the reaction chamber was in- 
creased to 1450*C and allowed to come to equilib- 
rium in about 30 seconds. Silane and propane were 
added to the reaction chamber to begin SiC 
growth. Silane was added at 200 ppm (Si = 200 

55 ppm) and propane was added at 600 ppm 
(C = 1800 ppm) to the H2 carrier gas to create an 
Si/C ratio within the reaction chamber of 1 :9. An n- 
type dopant, N2. was added to the H2 carrier gas 
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at 40 ppm (N = 80 ppm) to begin dopant incor- 
poration into tlie SiC crystal. A growth rate of 5.5 
micrometers/hour was achieved using the innproved 
CVD method. After about one hour, the flow of 
silane. nitrogen, and propane in the H2 carrier gas 
was terminated and the carrier gas was allowed to 
continue to flow In the reaction chamber for about 
10 minutes during the cool down of the reaction 
chamber. 

EXAMPLE 2 

A method essentially the same as Example 1, 
wherein a n-type SiC crystal containing about 6.0 X 
10^^ cm"3 was grown. Silane was added at 200 
ppm (Si = 200 ppm) and propane was added at 350 
ppm (C = 1,050 ppm) to the H2 carrier gas to create 
an Si/C ratio of 1:5.25. A n-type dopant, N2. was 
added to the H2 carrier gas at 66 ppm (N = 132 
ppm) to dope the SIC crystal. 

EXAMPLE 3 

A method essentially the same as Example 1, 
wherein a p-type SiC crystal containing about 3.0 X 
10^^ cm"3 was grown. Silane was added at 200 
ppm (Si = 200 ppm) and propane was added at 350 
ppm (C = 1 .050 ppm) to the H2 carrier gas to create 
an Si/C ratio of 1:5.25. A p-type dopant, trimethyl 
aluminum (TMA). was added to the H2 carrier gas 
by bubbling H2 into liquid TMA (held at 21 •C) 
such that 10 seem (standard cubic centimeters) 
were introduced into the reaction chamber to dope 
the SiC crystal. 

EXAMPLE 4 

A method essentially the same as Example 1, 
wherein a degenerate p-type SiC crystal for Ohmic 
contacts containing about 2.0 X 10^^ cm"^ was 
grown. Silane was added at 200 ppm (Si = 200 
ppm) and propane was added at 600 ppm 
(C = 1800 ppm) to the H2 carrier gas to create an 
Si/C ratio of 1:9. A p-type dopant. TMA, was added 
to the H2 carrier gas at 21 seem to dope the SiC 
crystal. About five minutes before cooling the reac- 
tion chamber^ the silane flow was terminated and 
H2. propane, and TMA flows were continued. 

EXAMPLE 5 

A method essentially the same as Example 1, 
wherein a degenerate n-type SiC crystal for Ohmic 
contacts containing about 2.0 X 10^^ cm"^ was 
grown. Silane was added at 200 ppm (Si = 200 
ppm) and propane was added at 130 ppm (C = 390 
ppm) to the H2 carrier gas to create an Si/C ratio of 
1:1.95. An n-type dopant, N2, was added to the H2 
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carrier gas at 1153 ppm (N = 2306 ppm) to dope 
the SiC crystal. About five minutes before cooling 
the reaction chamber, the propane flow was termi- 
nated and H2. silane, and N2 flows were continued. 

5 

EXAMPLE 6 

A method essentially the same as Example 1, 
wherein a multi-polytype SiC crystal containing a 

10 p/n junction is grown. The 6H-SiC substrate Is 
nucleated with a 3C-SiC crystal. The tilt angle of 
the substrate was 0.2 -0.3 • . Crystal growth is be- 
gun until the 3C-SIC crystal fans out over the 
complete growth region. During the initial 3C-SiC 

75 growth, degenerate n-type doping, as discussed in 
Example 5, is carried out. The degenerate n-type 
SIC epilayers are followed by the growth of low 
doped n-type epilayer, which are grown substan- 
tially the same as epilayers grown In Example 2. 

20 The pn junction is formed by terminating n-type 
epilayers and to begin growing degenerate p-type 
epilayers, as described In Example 4. The posi- 
tional distribution of 3C-SiC epilayer mesas versus 
6H-SiC epilayer mesas on the substrate was ran- 

25 dom. and the percentage of 3C-SIC mesas was 
roughly 50%. A 2000 A thick aluminum etch mask 
defining circular and square diode mesas ranging 
In area from 7 X 10"^ cm^ to 4 X lO'^cm^ was 
applied and patterned by liftoff. The diode mesas 

30 were etched to a depth of approximately 10 urn 
using reactive ion etching (RIE) In 80% SF6:20% 
O2 under 300 W rf at a chamber pressure of 250 
mTorr. The aluminum etch mask was stripped by 
wet etch, and then a cleanup dip In boiling sulfuric 

35 acid was performed. The samples were wet ox- 
idized for 6 hours at 1150'C to form Si02 at least 
500 A thick. After the wafers had been patterned 
for contacts, vias were etched in the oxide using 
6:1 buffered HF solution. Aluminum was then E- 

40 beam deposited and lifted off to complete device 
fabrication. The 3C diode exhibits rectification to 
200 V reverse bias at ambient temperature (25 • C), 
which represents a 4-fold improvement In 3C-SiC 
diode voltage handling capability. The breakdown 

45 is repeatable (i.e., the curve can be taken nu- 
merous times with no change in device characteris- 
tics) when the current flowing during reverse break- 
down is restricted to less than one milllamp; unlim- 
ited current flow results in penmanent damage to 

50 the diode. On the device tested on the substrate, 
coronas of microplasmas were observed exclusive- 
ly around device boundaries during breakdown, 
suggesting that reverse failures are occurring at the 
mesa perimeter and are not due to a bulk mecha- 

55 nism. Once the diode was catastrophically damag- 
ed by excessive current flow during breakdown, the 
multi-mlcroplasma corona was replaced by a single 
microplasma which presumably was the point of 
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catastrophic device failure along the mesa edge. 
FIGURE 12 illustrates the forward and reverse cur- 
rent-voltage characteristics on a logarithmic scale 
at several temperatures. Although the improvement 
in reverst; leakage naturally depends upon the volt- 
age and temperature selected as a basis of com- 
parison, these 3C-SiC diodes clearly represent at 
least an order of magnitude improvement in re- 
verse leakage current density over any previously 
published 3C-SiC pn diode. Because the reverse 
current is not proportional to the square root of the 
applied voltage, it is surmised that mechanisms 
other than thermal generation are responsible for 
the reverse leakages. The exponential regions of 
the forward characteristics exhibit record-low satu- 
ration current donsrties for CVD-grown 3C pn di- 
odes However, the change in ideality factors with 
temperature is not well understood at this time. 

The method described in the above examples 
illustrates the controlled and reproducible doping of 
SiC crystals having a smooth surface morphology 
and a low density of defects. The improved CVD 
method can possibly be used to grow and control 
purity and doping profiles of crystals other than SiC 
having at least two growth sites, even though such 
crystals involve a different chemistry, growth pa- 
rameters, dopants, contaminants, etc. from that of 
SiC crystals. One type of crystal the improved 
method can possibly be used with is GaAs cry- 
stals. The following prophetic examples illustrate 
the controlled doping of gallium arsenic (GaAs) 
crystals. 

EXAMPLE 7 

For the method described in this example, a 
degenerate p-type GaAs crystal containing at least 
1.0 X 10^^ cm~3 for Ohmic contacts is to be 
formed. A GaAs substrate is polished, growth 
boundaries cut and the surface etched prior to 
crystal growth on the substrate. The reactor cham- 
ber is brought to the proper crystal growth tem- 
perature and the carrier gas flow is to be brought 
to equilibrium in the chamber. Gallium and arsenic 
containing compounds are to be combined with the 
carrier gas to begin GaAs crystal growth. For the 
case of a p-type dopant which preferentially com- 
petes for the Ga site, the gallium concentration is 
to be decreased relative to the arsenic concentra- 
tion, which increases the demand of Ga growth 
sites and, therefore, increases the incorporation of 
the p-type into the GaAs crystal. The amount of p- 
type dopant to be Introduced into the reaction 
chamber should be the maximum amount allowed 
which does not adversely affect the GaAs epi layer 
surface morphology. Five minutes before reactor 
cooling, the gallium compound flowing into the 
reactor should be terminated and the flow of the p- 



type dopant, arsenic compound, and carrier gas 
continued. 

EXAMPLE 8 

5 

A method essentially the same as prophetic 
example 7. wherein a degenerate n-type GaAs 
crystal containing at least 1.0 X 10'^ cm"^ is to be 
grown. For the case of an n-type dopant which 

10 preferentially competes for the As site, the gallium 
concentration is increased relative to the arsenic 
concentration to increase the As site demand to 
increase the incorporation of the n-type dopant into 
the GaAs crystal. The amount of n-type dopant to 

76 be introduced into the reaction chamber should be 
the maximum amount allowed which does not ad- 
versely affect the surface morphology of the GaAs 
crystal. Five minutes before reactor cooling, the 
arsenic compound flowing into the reactor should 

20 be terminated and the flow of the n-type dopant, 
gallium, and carrier gas continued. 

EXAMPLE 9 

25 A method essentially the same as prophetic 

example 7. wherein a p-type GaAs crystal contain- 
ing much less than 1.0 X 10^^ cm"^ is to be grown. 
The gallium concentration relative to the arsenic 
concentration is increased to create a relatively 

30 large Ga/As ratio (relative to the Ga/As ratio of 
example 7) in the reaction chamber. An appropriate 
amount of p-type dopant is then added to the 
reactor. 

35 EXAMPLE 10 

A method essentially the same as prophetic 
example 8, wherein a n-type GaAs crystal contain- 
ing much less than 1.0 X 10^^ cm~3 is to be grown. 

40 The gallium concentration to arsenic concentration 
is to be decreased in the reactor chamber such 
that a relatively small Ga/As ratio (relative to the 
Ga/As ratio of example 8) exists. An appropriate 
amount of n-type dopant is then added to the 

45 reactor. 

"Overview of Some Applications" 

The electrical device applications of the inven- 
50 tion center around the advantageous use of the 
wider doping ranges that this new growth technique 
makes possible. Since the invention allows for the 
incorporation of higher concentrations of dopant 
into compound semiconductor crystals than was 
55 previously possible, any electrical device structure 
whose performance is affected by the degree of 
degenerate doping achieved in any region of the 
device will be influenced by the present invention. 
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The improved CVD method significantly re- 
duces contact resistances at the Ohmic contacts. 
Performance of many semiconductor device struc- 
tures, such as transistors, are dependant on con- 
tact resistance. Contact resistance arises due to 
the physical interface where the metal (which car- 
ries electrical signals and power to and from the 
semiconductor device) contacts (or connects to) a 
semiconductor surface. The performance of most 
semiconductor electrical devices is maximized by 
minimizing the contact resistances. It is a limiting 
factor in the electrical capability of many devices, 
such as transistors, which in turn limit the capabil- 
ities of electrical circuits and systems made using 
those devices. It is widely recognized that the 
resistance of contacts to 6H-SiC or 3C-SiC is the 
major limiting factor in the electrical capability of 
many 6H-SiC or 3C-SiC devices respectively. The 
contact resistances for semiconductor devices are 
minimized be maximizing the doping in the semi- 
conductor where it makes physical contact with 
metal Ohmic contact. Because the improved CVD 
method enables device quality (i.e. high quality) 
epilayers of compound semiconductors (like SiC 
for example) to be grown with higher doping con- 
centrations, contact resistances to these epilayers 
(and therefore properly designed electrical devices 
fabricated in these epilayers) can be reduced 
thereby increasing the performance capabilities of 
many compound semiconductor based electrical 
devices and circuits. 

The improved CVD method also reduces bulk 
semiconductor resistances in the grown crystals. 
Another source of resistance that can affect semi- 
conductor electrical device performance is the re- 
sistance of the bulk semiconductor itself. In almost 
all semiconductor devices, current flows through 
undepleted regions of the bulk semiconductor. The 
resistance associated with charge flow through 
these regions is often significant and can some- 
times be an undesired factor which limits device 
performance. The resistances associated with 
these regions can be minimized by maximizing the 
doping of the semiconductor in these regions. The 
maximization of doping in these regions through 
concentration levels previously unattainable is 
again facilitated by this new inventive method. 

The present invention can also be used to form 
Delta-doped semiconductor devices. These struc- 
tures are based upon very thin, very heavily doped 
semiconductor layers. The electrical performance 
of Delta-doped devices are contingent upon the 
ability to incorporate a maximum amount of dopant 
into the thinnest possible layer. The ability to better 
control the level of degenerate doping of com- 
pound semiconductors, which is made possible by 
the improved CVD method, should significantly en- 
hance the performance characteristics obtainable in 



Delta-doped device structures. 

The improved CVD method further can be 
used to develop semiconductor devices with small- 
er depletion widths. The depletion widths found 
5 within semiconductor devices at various junctions 
(e.g. pn junctions, metal semiconductor junctions, 
hetero-junctions) are largely determined by the 
semiconductor doping at or around the junction. It 
is well known that the depletion width decreases as 
10 the doping concentration increases. There are 
many semiconductor devices whose performance 
and/or function rely on heavy doping to obtain 
narrow depletion widths and the associated phys- 
ical effects. Zener diodes and Esaki diodes rely on 
15 carrier tunneling through a very narrow depletion 
region made possible by heavy doping on both 
sides of a pn junction. Low leakage diodes and 
diode junction charge storage capacitors are based 
on narrow depletion widths, so as to minimize 
20 generation current and maximize charge storage 
density. Because the Improved CVD method en- 
ables heavier doping and results in smaller deple- 
tion widths, the improved CVD method has the 
potential to improve the performance of these de- 
25 vices by narrowing the device depletion widths. 

The improved CVD method can also be used 
to develop semiconductor devices having slightly 
narrower bandgaps. By increasing the degenerate 
doping in a semiconductor, a physical phenomenon 
30 known as band tailing or bandgap narrowing takes 
place. The improved CVD process can be used to 
control the degree of degenerate doping in semi- 
conductors used in devices in which bandgap nar- 
rowing enhances device performance, such as 
35 light-emitting diodes (LEDs) and bipolar transistors. 

In addition to the controlled growth of high 
quality compound semiconductor epilayers with 
higher doping concentration, the improved CVD 
process also enables the controlled growth of .high 
40 quality compound semiconductor epilayers with 
lower dopant concentrations than was previously 
possible. Any compound semiconductor electrical 
device whose performance stands to gain from the 
lowered doping concentrations that this improved 
45 CVD method enables will benefit. Such devices 
which will benefit include fundamental semiconduc- 
tor junctions. Almost all semiconductor devices and 
circuits contain fundamental semiconductor junc- 
tions. Most transistors composed of these funda- 
50 mental junctions are arranged in various configura- 
tions appropriate to accomplish the desired elec- 
trical functions (e.g. amplification, switching). Such 
devices will be greatly improved by the improved 
fundamental junction doping of the present inven- 
55 tion. One fundamental building block of semicon- 
ductor electrical device technology is the intimate 
junction of p-type material to n-type material, more 
commonly referred to as p-n Junction, It is well 
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known to those skilled in the art that the electrical 
characteristics (such as junction capacitance, junc- 
tion breakdown voltage, junction leakage current) of 
the p-n junction are governed by the physical char- 
acteristics (i.e. dopant density, defect density) of 
the lighter-doped side of the junction. The ability to 
produce a nnore lightly doped compound semicon- 
ductor, while obtaining the desired polarity (n-type 
or p-type) via this improved CVD method, dramati- 
cally broadens the range of electrical operating 
characteristics possible in devices that incorporate 
pn junctions. It is well known that the breakdown 
voltage of a p-n junction diode Increases with re- 
ductions in the doping of the lighter doped side of 
the junction. Therefore, a factor of 10 or greater 
improvement (i.e. reduction) in doping concentra- 
tions has been demonstrated by the improved CVD 
method, when applied to 6H-SiC crystals, could 
improve 6H-SiC p-n step junction diode blocking 
voltages from their current demonstrated maximum 
of slightly more than 1,100 volts to somewhere 
around 10,000 volts. In a similar manner, the dop- 
ing of the semiconductor also plays a major role in 
the electrical characteristics of another fundamental 
junction, the metal semiconductor junction. Similar 
Improvements with similar ramifications can be ex- 
pected for properly designed rectifying metal-SiC 
Schottky diode junctions. The Improved CVD meth- 
od can also be used in the design of transistors 
and circuits to permit higher circuit operating vol- 
tages. 

The Improved CVD method can also be used 
to make semiconductors with reduced junction ca- 
pacitance. It is well known that diode junction ca- 
pacitance decreases as doping decreases. The 
lighter doping, made possible by the Improved 
CVD method, can also lead to the reduction in the 
depletion capacitance of compound semiconductor 
junctions, which will reduce the parasitic capacitan- 
ces that can often limit device and circuit perfor- 
mance. One of these factors that limits the switch- 
ing speed and high frequency performance of 
planar Field Effect Transistors (FETs) is the para- 
sitic capacitance formed by the drain-to-substrate 
p-n diode junction. The decreased doping obtain- 
able by this Improved CVD method can decrease 
this junction capacitance and possibly enable com- 
pound semiconductor FET's to operate with higher 
frequencies and switching speeds than previously 
possible. 

This improved CVD method can further be 
used to form semiconductor devices with high in- 
ternal resistivity. It Is known that resistivity in- 
creases as shallow ionization energy dopant con- 
centration decreases- In many semiconductor de- 
vice and Integrated circuit applications. It is ad- 
vantageous to build devices In high resistivity (low 
dopant concentration) material. Such material often 



provides isolation between adjacent devices on the 
same chip, and the degree of isolation determines 
the spacing between adjacent devices within a 
chip, which Is a big concern on integrated circuits 

6 with hundreds of thousands of transistors. Since 
the degree of isolation is in part a function of the 
semiconductor purity (i.e. doping density and de- 
fect density) between the Individual devices, the 
improved CVD method may prove useful in ad- 

70 vantageously shrinking device spacing to allow for 
more devices on a single chip. Clearly, the method 
is useful for any device or circuit situation where 
higher-resistivity compound semiconductor epi- 
layers are desired. 

75 The Improved CVD method can also be used 

to grow crystals used in semiconductor devices in 
which the crystals have increased carrier mobilities. 
It Is known that carrier mobilities Increase as dop- 
ing and defect concentrations decrease. This is 

20 due to the fact that there are less potential per- 
turbations (caused by impurities and defects) for a 
carrier (electron or hole) to "plow into" as it is 
moving through the crystal lattice under the influ- 
ence of an electric field. The fact that the Improved 

25 growth technique enables the growth of purer ma- 
terial with lower unintentional dopant incorporation 
should increase the carrier mobility in the com- 
pound semiconductors. It is well known to those 
skilled In the art that carrier mobilities directly 

30 affect the performance of many devices and cir- 
cuits, and that Increased carrier mobilities are at- 
tractive because they enhance the performance of 
most semiconductor devices, especially transistors. 
In most transistors, crucial electrical performance 

35 factors (switching speed, maximum operating fre- 
quency, current carrying capability, gain) are gen- 
erally enhanced by increased carrier mobilities. 

The improved CVD method can be used to 
grow crystals having increased carrier lifetimes. 

40 Carrier lifetime is another physical property of com- 
pound semiconductors that can be enhanced by 
growing purer crystals with lighter background de- 
fect concentrations. It Is known to those skilled in 
the art that the bulk carrier lifetime increases as the 

45 crystal defect concentration decreases. An im- 
provement in this property could lead to smaller 
recombination/generation rates within a device re- 
sulting in improved performance for certain types 
of devices, such as minority carrier based devices. 

50 Minority carrier based devices, such as bipolar 
transistors and solar cells for example, could bene- 
fit from longer lifetimes. 

Possible industrial uses of SiC crystals grown 
using the improved CVD method include semicon- 

55 ductor devices and sensors for use in high tem- 
perature environments, such as advanced turbine 
engines, space power systems, deep-well drilling, 
advanced automobile engines, etc; semiconductor 

15 
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devices and sensors for use in high radiation envi- 
ronnnents, such as found near nuclear reactors; 
semiconductor devices for power electronics ap- 
plications, such as will be required for power con- 
dtlioning electronics for electric vehicles, space 5 
power systems, and for electrical actuators on ad- 
vanced aircraft; semiconductor devices for high fre- 
quency applications, such as found in communica- 
tion satellites, high speed computers, and micro- 
wave power transistors used in radar systems; io 
pressure transducer diaphragm material for high 
temperature and/or corrosive environments; and. 
light-emitting diodes (LEDs) for use in high tem- 
perature environments. 

The invention has been described with refer- 75 
ence to a preferred embodiment and alternates 
thereof- It is l>elieved that many modifications and 
alterations to the embodiment as discussed herein 
will readily suggest themselves to those skilled in 
the art upon reading and understanding the de- 20 
tailed description of the invention. It is intended to 
include all such modifications and alterations in- 
sofar as they come within the scope of the present 
invention. 

25 

Claims 

1. A method of controlling the amount of a se- 
lected, especially a non-crystal, element de- 
posited in a given growth area of a crystal 30 
formed from at least two crystal elements as 

said crystal is grown at said area by a CVD 
process conducted in a growth chamber, said 
crystal elements comprising a first crystal ele- 
ment and a second crystal element, said cry- 35 
stal having at least two crystal growing sites 
wherein said first crystal element is deposited 
in a first growth site and said second crystal 
element is deposited in a second element 
growth site, said selected element being com- 4o 
petitive for at least one of said first and second 
growth sites, said method comprising the steps 
of: 

a. flowing a controlled amount of gaseous 
crystal element compounds through said 45 
chamber, wherein each of said element 
compounds include at least one of said 
crystal element; and. 

b- controlling the ratio of said controlled 
amount of gaseous crystal element com- so 
pounds to control said amount of said non- 
crystal element deposited In said competi- 
tive crystal growth site at said growth area. 

2. A method as in claim 1, wherein said at least 55 
two- crystal elements comprise Si as a first 
crystal element being deposited in said first 
growth sites and further comprise C as a sec- 



ond crystal element being deposited in said 
second growth sites. 

3. A method as in claim 1 or 2. wherein said 
selected element only competes for said first 
growth site. 

4. A method as in claim 3, includes increasing 
the rate of said selected element deposited in 
said first element growth site by decreasing 
said ratio of said first crystal element com- 
pound to said second crystal element com- 
pound or. vice versa . decreasing the rate of 
said selected element deposited in said first 
element growth site by increasing said ratio of 
said first crystal element compound to said 
second crystal element compound. 

5. A method as in anyone of the claims 1 to 4, 
wherein said selected element only competes 
for said second growth site. 

6. A method as in claim 5, includes increasing 
the rate of said selected element deposited in 
said second element growth site by increasing 
said ratio of said first crystal element com- 
pound to said second crystal element com- 
pound or, vice versa, decreasing the rate of 
said selected element deposited in said sec- 
ond element growth site by decreasing said 
ratio of said first crystal element compound to 
said second crystal element compound, 

7. A method as in anyone of the claims 1 to 6, 
wherein said selected element is a dopant. 

8. A method as in anyone of the claims 1 to 6, 
wherein said selected element is a contamin- 
ant. 

9. A method as In claim 7. wherein said dopant 
competes for said second growth sites and is 
selected from a group consisting of phospho- 
rous, nitrogen and boron. 

10. A method as in claim 7, wherein said dopant 
competes for said first growth sites and is 
selected from a group consisting of aluminum 
and boron. 

11. A method as in claim 2. wherein said Si/C ratio 
Is between about 0.8 to about 0.05. preferably 
between about 0.5 to about 0.1. 

12. A method as in claim 2, wherein said Si com- 
pound is selected from a group consisting of 
silicon halides or organosilicon compounds, 
preferably said Si compound being silane. 
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13. A method as in claim 2, wherein said C com- 
pound is gaseous hydrocarbon, preferably pro- 
pane. 

14. A method as defined in anyone of the claims 1 
to 13, includes using a carrier gas to introduce 
said crystal element compounds into said 
chamber. 

15. A method as defined in claim 14, wherein said 
carrier gas is hydrogen gas. 

16. A method as in anyone of the claims 1 to 15, 
wherein said crystal is grown on the growth 
surface of a substrate. 

17. A method as in claim 16, wherein said growth 
surface of said substrate has a non-zero in- 
clination relative to a basal plane, said non- 
zero inclination being, preferably, less than 7*. 

18. A method as in claim 16 or 17. includes 
pretreating said growth surface to remove im- 
purities and crystal structure on said growth 
surface that can act as sites for heterogeneous 
nucleation during said crystal growth. 

19. A method as in claim 18, wherein said 
pretreatment comprises pregrowth etching of 
said growth surface. 

20. A method as in claim 19. wherein said preg- 
rowth etching consists of heating said growth 
surface of said substrate in an HCI/H2 mixture 
to a temperature of between 1 200 • C and 
1500 "C, preferably to a temperature of be- 
tween 1 300 • C and 1 450 • C. 

21- A method as in claim 20, wherein the time of 
said etching is between 2 min. and 60 min., 
and the HCI concentration is between 1% and 
5%. 

22. A method as in anyone of the claims 1 8 to 21 , 
wherein said pretreating includes Polishing 
said growth surface. 

23. A method as in anyone of the claims 16 to 22, 
wherein said subrate is a SiC substrate, prefer- 
ably a wafer cut from a single-crystal SiC 
boule. 

24. A method as in anyone of the claims 16 to 22, 
wherein said growth surface is the silicon face 
of the SiC substrate. 

25. A method as in claim 23 or 24, wherein the 
polytype of said substrate is 6H-SiC. 



26. A method as in claim 23 or 24. wherein the 
polytype of said substrate is 3C-SiC. 

27. A method as in claim 23 or 24, wherein the 
5 polytype of said substrate is 4H-SiC. 

28. A method as in claim 25 or 26, wherein the 
polytyp>e of said grown crystal is 6H-SiC. 

10 29. A method as in claim 25 or 26, wherein the 
polytype of said grown crystal is 3C-SiC. 

30. A method as in anyone of the claims 16 to 29, 
includes nucleating on said substrate surface 

75 to grow a particular crystal polytype. 

31. A method as in claim 30, wherein a site for 
intentianal heterogeneous nucleation is a pre- 
scribed localized alteration of said growth sur- 

20 face. 

32. A method as in anyone of the claims 16 to 31. 
including nucleating on said substrate to grow 
a particular SiC crystal polytype. 

25 

33. A method as in anyone of the claims 30 to 32, 
wherein said nucleating of said substrate is the 
introduction of a suitable impurity to stimulate 
the growth of a desired crystal structure. 

30 

34. A method as in anyone of the claims 16 to 33, 
includes dividing said growth surface into 
growth areas by introducing grooves along the 
boundaries of said growth areas. 

35 

35. A method as in claim 34. wherein said groove 
is up to 50 micrometers deep. 

36. A method as in claim 34 or 35, wherein said 
40 groove has a width of at least 1 micrometer. 

37. A method as in anyone of the claims 34 to 36. 
wherein the location of said nucleation is in the 
corner of said growth area. 

45 

38. A method as in anyone of the claims 1 to 37. 
wherein the growth temperature is maintained 
at a temperature of at least about 1350 "C, 
preferably between about 1 350 • C to 1 550 • C. 

50 

39. A method as in claim 17. wherein said sub- 
strate is a SiC substrate and said growth sur- 
face is inclined toward the <1100> direction or 
toward the <1 120> direction. 

55 

40. A system for controlling the amount of a se- 
lected element deposited in a given growth 
area of a crystal formed by Si and C as a SiC 



17 



' 061210«A2^I_> 



33 



EP 0 612 104 A2 



crystal is being grown at said area by a CVD 
process conducted in a growth cliamber. 
wherein said Si is deposited in Si growth sites 
and C is deposited in C growth sites, said 
element being competitive for one of said 5 
growth sites, said system comprising means 
for flowing a first amount of a gaseous Si 
compound through said chamber, means for 
flowing a second amount of a gaseous C com- 
pound through said chamber and means for to 
controlling the ratio of said first and second 
amounts to control said amount of said ele- 
ment deposited in said crystal at said area. 

41. A system for controlling the amount of a non- 76 
crystal element deposited in a given growth 
area of a crystal formed from at least two 
crystal elements as said crystal is grown at 
said area by a CVD process conducted in a 
growth chamber, said crystal elements com- 20 
prising a first crystal element and a second 
crystal element, said crystal having at least two 
crystal growing sites wherein said first crystal 
element is deposited in a first growth site and 
said second crystal element is deposited in a 25 
second growth site, said non-crystal element 
being competitive for at least one of said 
growth sites, said system including means for 
flowing a controlled amount of gaseous crystal 
element compounds through said chamber, 30 
wherein each of said element compounds in- 
clude at least one of said crystal elements and 
means for controlling the ratio of said con- 
trolled amount of gaseous crystal compound to 
control said amount of said non-crystal ele- 35 
ment deposited in said crystal. 
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